INTRODUCTION {#SEC1}
============

As viruses are intracellular parasites that cannot replicate by themselves, they rely on an immense diversity of clever hijacking schemes to direct host cell machinery towards their own development. Understanding the mechanism of these hijackings often sheds light on the function and susceptibility of the targeted host mechanism. Bacteriophage T4 does exactly this via appropriation of the σ subunit of *Escherichia coli* RNA polymerase (RNAP) \[reviewed in ([@B1],[@B2])\]. In this system, novel interactions among *E. coli* RNAP, the T4 MotA activator, and the T4 AsiA co-activator redirect RNAP from the expression of host to T4 promoter DNA. Thus, visualization of the molecular mechanism of this RNAP hijacking illuminates a process by which the specificity of an RNAP can be altered.

Bacterial RNAP contains both a core (subunits α~1~, α~2~, β, β' and ω), which has RNA synthesizing activity, and a specificity subunit, σ, which recognizes promoters at the transcription start site \[reviewed in ([@B2]--[@B4])\] (Figure [1A](#F1){ref-type="fig"}). In *E. coli*, σ^70^ is the primary σ, needed for exponential growth and transcription of housekeeping genes. All primary σ\'s, including σ^70^, share four conserved domains based on structure and sequence \[reviewed in ([@B5],[@B6])\]. Regions 2, 3 and 4 recognize and bind conserved promoter sequences, the −10 element, the ^−15^TG^−14^ (extended −10), and the -35 element, respectively (reviewed in ([@B2],[@B3],[@B7])). σ^70^ also has extensive and specific interactions with the core. Structures of bacterial RNAP\'s ([@B8]--[@B10]) indicate that σ Region 2 binds to the β' clamp helix, a coiled-coil domain, while Region 4 plus Helix 5 (H5; σ residues 600--613), the C-terminus of σ, interact with the flap domain of β (β-flap). These interactions position the DNA binding Regions 2 and 4 in 3D space to allow simultaneous recognition of the −10 and −35 promoter elements on the DNA ([@B11],[@B12]).

![(A--C) Structural models of T4 middle promoter DNA with (**A**) *E. coli* RNAP alone, (**B**) *E. coli* RNAP/MotA/AsiA (initial) and (**C**) *E. coli* RNAP/MotA/AsiA (refined). Colors used are β', cobalt; β, ice blue; ω, magenta; α~II~, teal; σ, yellow, MotA^NTD^, forest green; MotA^CTD^, light green; AsiA, firebrick red; DNA nontemplate strand, bright red; template stand, orange. (α~I~ cannot be seen in this orientation.) The position of H5 (the C-terminal residues of σ) is indicated, σD581 is shown as a red sphere, and the template cleavage sites obtained with σD581C-FeBABE are shown as orange spheres. The position of the β-flap tip is shown in (A) and F610 and L611 of H5 are shown as yellow spheres in (B) and (C). Right panel of (B) shows Region 4/H5 of both the σ present in *E. coli* RNAP (tan) and the AsiA-remodeled σ (yellow). σ residues 546--549 were overlapped to position AsiA-remodeled σ; the ω subunit has been removed in order to see the overlap. Right panel of (C) shows the C-terminal 17 residues of AsiA (74-90) in light blue, β' residues 80--87 in brown, and MotA^NTD^ residues I7, I24, A83 and Y86, which are located in the hydrophobic pocket, as black spheres. (**D**) Alignment of the initial and refined models. The positions of AsiA (grey), σ Region 4 (tan), and σ position 581 (tan sphere) in the initial model and AsiA (red), σ Region 4 (yellow), and σ position 581 (red sphere) in the refined model are indicated. β' residues 80--87 (brown spheres) and template DNA positions −29, −30 (orange spheres) are also shown. See text for more details.](gkw656fig1){#F1}

Transcriptional activators can change the specificity of RNAP, and many activators specifically target σ^70^ (reviewed in ([@B2],[@B13])). For example, Class II activators contact the DNA just upstream or overlapping the -35 element. Acidic residues within Class II activators engage basic amino acids of σ^70^ Region 4, which lie on a surface-exposed helix. This interaction between a Class II activator and Region 4 then forces σ^70^ to interact with promoter elements whose sequences deviate from consensus and/or facilitates the isomerization of the initial RNAP/DNA complex to a transcriptionally active form. Although the binding of the activator may somewhat distort σ Region 4 ([@B14]), the overall conformation of Region 4 is still retained. The recent structure of the Class II complex containing TAP, an analog of *E. coli* CRP (c-AMP receptor protein), *Thermus thermophilus* RNA polymerase, the unwound DNA, and a small complementary RNA has provided a picture of the molecular contacts needed for this activation ([@B15]).

In contrast, in order to recognize T4 middle promoters, rearrangement of σ itself is exploited by the phage. In this fundamentally different process, called σ appropriation, MotA uses a basic/hydrophobic cleft in its N-terminal domain (NTD) to engage H5 \[([@B16]--[@B18]); reviewed in ([@B1])\], while its C-terminal domain (CTD) binds the -30 region (MotA box) of a T4 middle promoter ([@B19],[@B20]). MotA activation also requires a small phage-encoded co-activator, AsiA, which binds tightly to σ^70^ Region 4, structurally remodeling this region ([@B21],[@B22]). Although hundreds of activators of bacterial polymerase have been identified, MotA/AsiA is the only system known to function in this way. However, the unusual 'double-wing' motif seen in the structure of MotA^CTD^ ([@B23]) has also been found in structures of some bacterial proteins of unknown function ([@B24],[@B25]), suggesting that there could be unidentified systems that bear resemblance to the T4 system.

Despite understanding how fragmented pieces of MotA, AsiA and RNAP connect during σ appropriation, obtaining a complete picture of this process has been challenging as there is no structure for MotA with the DNA. Furthermore, some findings are puzzling. For example, work has suggested that contacts between the C-terminal region of AsiA and both the β-flap of core and MotA are needed for σ appropriation ([@B26],[@B27]), even though substitutions and deletions of C-terminal AsiA residues do not significantly affect AsiA function *in vitro* ([@B28],[@B29]). Furthermore, the G1249D substitution within the β subunit specifically impairs middle promoter activation *in vivo* ([@B30]) without affecting host transcription or transcription from early T4 promoters. However, the closest σ residues to G1249 lie within σ Region 3.2 rather than Region 4, which is targeted by AsiA. Thus, the ability to visualize a complete RNAP/MotA/AsiA/DNA complex could reveal the cooperative protein-protein and protein-DNA interactions needed for this process.

Despite extensive biochemical and genetic analyses and the reported structures of thermophilic RNAP ([@B8],[@B10]), the structure and structure-model of *E. coli* RNAP ([@B9],[@B31]), and structures of various activators (detailed in ([@B32])), only one crystal structure of a complete activated transcription complex has been obtained ([@B15]). In the case of σ appropriation, available structures include AsiA in a complex with σ^70^ Region 4/H5 ([@B21]) and structures of MotA^CTD^ ([@B23]) and MotA^NTD^ ([@B33]). However, there are no structures of the MotA linker, full length MotA, or structures that include DNA. We hypothesized that careful integration of the structure of *E. coli* RNAP ([@B9]) with that of σ^70^ Region 4 in complex with AsiA ([@B21]) could result in a structural model of an AsiA-associated *E. coli* RNAP. Furthermore, in previous work we have biochemically mapped the orientation of MotA relative to the DNA within the σ-appropriated complex using MotA conjugated with the chemical cleaving reagent iron bromoacetamidobenzyl-EDTA (FeBABE) ([@B34]). This work then provides a framework within which to incorporate other analyses indicating how MotA^NTD^ interacts with σ^70^ H5 ([@B16],[@B35]). Rational combination of these heterogeneous data affords a complete snapshot of the protein-protein and protein-DNA interactions within the σ appropriation process. Our work depicts how AsiA/MotA redirects σ, and therefore RNAP activity, to a T4 middle promoter DNA and how the flexibility of σ Region 4/H5 is likely crucial for this process. Our model suggests that the βG1249D substitution impairs this process by hampering this needed flexibility.

MATERIALS AND METHODS {#SEC2}
=====================

Molecular model of AsiA-appropriated RNAP/MotA/T4 middle promoter DNA {#SEC2-1}
---------------------------------------------------------------------

Two template structures were used to build a homology model of the modified AsiA-associated σ^70^ subunit: *E. coli* RNAP holoenzyme complex crystal (PDB ID: 4IGC ([@B9])) and the NMR structure of *E. coli* σ^70^ Region 4/H5 bound to AsiA (PDB ID: 1TLH ([@B21])). The structures were superimposed at residues 546--549 to allow different portions of the query σ^70^ sequence to align based on the following assignments: The σ^70^ query sequence to be built included the 4IGC chain y residues 95--609 plus σ^70^ residues 610--613. Residues 95--545 of the query sequence were tethered to 4IGC (chain y residues 95--545), and the σ^70^ query sequence residues 546--613 were tethered to 1TLH (chain b residues 546--613). An extended full-atom 3D model of a polypeptide chain with idealized covalent geometry was built for σ^70^ based on its sequence; torsion angles for the aligned portions of the backbone and identical aligned residues were assigned to those in the template structures; the most likely rotamer was assigned to non-identical aligned residue side chains; near-extended backbone torsion values were assigned to the loops; the sum of the physical energy and quadratic restraints between corresponding atoms in the model and template structures were iteratively minimized, reducing the strength of the restraint potential with each iteration; and finally non-identical side-chains and loops were subjected to Biased-Probability Monte Carlo (BPMC) sampling ([@B36]) to produce the lowest energy structure matching the template coordinates. The final root-mean-square deviation (RMSD) for each model was less than 0.5 Å to its template for matched segments. This resulted in a 3-D model of σ^70^ from threading a model of its sequence onto the indicated template fragments and through the junctions between them. The newly built σ^70^ was reincorporated into the *E. coli* RNAP complex based on the position of the PDB ID: 4IGC, chain y.

The location of AsiA was simply inherited by its location in its NMR structure with *E. coli* σ Region 4/H5 (PDB ID: 1TLH ([@B21])), since the σ portion of this structure was used as a template for the model.

DNA, extending from -7 to -41 on the nontemplate strand and -12 to -41 on the template strand, was incorporated into the model using two structures. The first structure was *T. aquaticus* holoenzyme containing structured and extended modeled DNA (chain t and chain u) (PDB ID: 1L9Z ([@B37])). Neighboring residues surrounding 7Å of the template and nontemplate DNA positions −7 to −13 were limited to σ Region 2 (1L9Z PDB chain h residues 241--285). These residues were identified, and superimposed, based on sequence alignment, with our 3D homology model of σ^70^ Region 2 (residues 418--462). By superimposing the modeled duplex DNA containing the MotA box element ([@B34]) from positions −19 to −41 onto our promoter model, we extended the DNA to −41 using modeled B form DNA that included both MotA^CTD^ and MotA^NTD^ that had been placed on the DNA through FeBABE analyses ([@B34]).

A multi-template homology model of full length MotA was made using the PDB ID: 1I1S ([@B33]), chain a as a template for the MotA^NTD^, and PDB ID: 1KAF, chain a as a template for the MotA^CTD^ ([@B23]). The full length MotA sequence was aligned to the NTD and CTD templates and a 3D model of full length MotA was built by multi-template homology modeling as for the RNAP components. To accommodate a linker that connects the NTD and CTD, an unstructured loop was generated between residues 93 to 105 using a previously described loop modeling approach ([@B38]).

To refine the model based on the biochemical constraints imposed by analyses with σD581C conjugated with FeBABE or containing the photocrosslinkable amino acid analog benzoyl-phenylalanine (BpA), the following steps were taken: quadratic distance restraints as implemented in ICM-Pro imposing a penalty outside of an 8--11 Å range were set between position 581 of σ^70^ and the amino acids in β' that were shown to be near σ 581 by crosslink/mass spectrometry analyses and DNA positions −29/−30, and σ F610 and L611 were tethered to their locations in the MotA^NTD^ hydrophobic cleft using the 'set tether' command of ICM-Pro ([@B36]). The φ and ϕ backbone dihedral angles of σ^70^ amino acids 550--551 and 595--604, which are hinge or random coil regions of Region 4, were unfixed and sampled by BPMC ([@B36]) of van der Waals, electrostatic, torsion, hydrogen bonding, solvation, entropy and distance restraint terms for 1 million calls until a negative energy value was reached indicating a low energy structure that satisfied the distance restraints. This approach left all of the crystallographic and NMR folded domain structures completely unaltered.

DNA {#SEC2-2}
---

pDKT90 ([@B19]), which contains the T4 middle promoter P~uvsX~, and pP~uvsX-sigma~ ([@B39]), in which a consensus -35 element (TTGACA) replaces the MotA box present in P~uvsX~, were digested with BsaAI to generate linear templates for transcription. 5′-^32^P end-labeled P~uvsX~ DNA (a 200 bp fragment containing P~uvsX~ sequences from −94 to +83 relative to the start of transcription) that was used for the FeBABE cleavage reactions was generated by PCR and purified as described ([@B19]) except that Pfu polymerase (Agilent Technologies) was used. The 100 bp P~uvsX~ DNA, used in some of the crosslinking analyses and for transcription, was generated by annealing the following single-stranded oligonucleotides (Operon, purified by Reversed-Phase/Ion Exchange chromatography), containing positions from −66 to +34 relative to the start of transcription (phage sequences begin at position −34):

Non-template, 5′GCATGCCTGCAGGTCGACTCTA GAGGATCCTATTTGCTTAATAATCCATATGGTTA TAATAGAAATAAACCATCACATAAACGTGACC CAATAATGTGGG3′; Template,

5′CCCACATTATTGGGTCACGTTTATGTGATG GTTTATTTCTATTATAACCATATGGATTATTAAG CAAATAGGATCCTCTAGAGTCGACCTGCAGGC ATGC3′.

pHis~6~AsiA, which contains the wt *asiA* gene with an N-terminal His~6~-tag, and its derivative, pHis~6~Δ74-90, which lacks the C-terminal 17 codons of *asiA*, have been described ([@B29]).

pIA1000 containing genes encoding the subunits of *E. coli* RNAP (α~2~, His~6~−tagged β, β', ω; gift from Irina Artisimovich ([@B40])) was transformed into BL21(DE3) cells ([@B41]). The single point mutation G1249D (G→A at position 3746 of the *rpoB* gene) was generated by Bioinnovatise within the His~6~-tagged *rpoB* gene present in pIA1000. DNA sequence analysis (performed by Macrogen USA) confirmed the sequences of the wt and mutant *rpoB* gene.

pHis~6~σD581TAG is identical to pETσ^fl^CF ([@B42]) except that a TAG stop replaces the aspartic acid codon encoding σ residue 581. This plasmid was constructed by Genscript. pEVOL ([@B43]), which allows the incorporation of the amino acid analog BpA into *E. coli* proteins using a constructed *Methanocaldococcus jannaschii* aminoacyl-tRNA synthetase/suppressor tRNA pair, was the generous gift of Peter Schultz (Scripps Research Institute, La Jolla, CA).

Proteins {#SEC2-3}
--------

The purification of σ^70^ ([@B44]), MotA ([@B16]), N-terminal His~6~-tagged σC132S/C291S/C295S/D581C (referred to as σD581C) ([@B42]), AsiA ([@B45]) and C-terminal His~6~-tagged AsiA ([@B29]) have been described. *In vitro* transcription reactions comparing the activities of the conjugated proteins to that of wt were performed and analyzed as described ([@B16]).

Wild type and βG1249D mutant RNAP cores were purified as follows. Cells, started from single colonies of pIA1000/BL21(DE3) or pIA1000βG1249D/BL21(DE3), were grown in 1 L LB broth plus 50 μg/ml of kanamycin at 37°C with shaking to mid-log phase (OD~600~ of 0.5). IPTG was added to a final concentration of 1 mM, and the cell pellet was collected by centrifugation at 5000 × g for 10 min at 4°C. Lysis and purification were carried out following a modified protocol kindly provided by I. Artsimovitch (Ohio State University) and carried out on ice or at 4°C. The cell pellet was resuspended in 100 ml of lysis buffer, \[50 mM Tris--Cl (pH 6.9), 500 mM NaCl, 5% glycerol\] supplemented with 1 mg/ml lysozyme (Sigma L-7651) and 2 mM benzamidine. Cells were homogenized in a Dounce homogenizer, left on ice for 20 min and supplemented with Tween 20 to a final concentration of 0.2%; further cell disruption was carried out by sonication until the OD~600~ was reduced to ∼30% of the starting value. After centrifuging two times at 27,500 x g for 30 min, a clear supernatant was obtained to which imidazole was added to a final concentration of 10 mM before application onto a HisTrap FF 5 ml column (GE Healthcare), previously equilibrated with binding buffer (lysis buffer plus 10 mM imidazole), on the ÄKTA (GE) system. Proteins were eluted with a gradient of 10--250 mM imidazole in binding buffer (20 ml) at a flow rate of 0.5 ml/min. Fractions containing RNAP (peak fractions at ∼ 200 mM imidazole) were pooled and dialyzed overnight into HepA buffer \[50 mM Tris--HCl (pH 6.9), 5% glycerol, 0.5 mM EDTA, 1 mM DTT\] containing 75 mM NaCl, and loaded onto a HiTrap Heparin HP 5 ml column (GE Healthcare) equilibrated in HepA buffer plus 75 mM NaCl. Protein was eluted with a gradient of 75 mM to 1.5 M NaCl in HepA buffer (100 ml) at a flow rate of 1 ml/min. Fractions enriched for RNAP (peak fractions at ∼1 M NaCl) were pooled, dialyzed into HepA buffer plus 75 mM NaCl, and loaded onto an equilibrated MonoQ 5/50 GL column (GE Healthcare). Proteins were eluted with a gradient of 75 mM to 1.5 M NaCl in HepA buffer (200 ml) at a flow rate of 1 ml/min. Highly purified RNAP (peak fractions at ∼0.4 M NaCl) was dialyzed against RNAP storage buffer \[50 mM Tris--HCl (pH 7.5), 50% glycerol, 250 mM NaCl, 0.1 mM EDTA, 1 mM DTT\]. The concentration of RNAP was determined after SDS-PAGE with Colloidal Coomassie Blue staining (Invitrogen) by comparing the intensity of the protein bands to known amounts of *E. coli* RNAP (Epicentre).

N-terminal His~6~-tagged σD581BpA was purified from pHis~6~σD581TAG/pEVOL/ BL21(DE3). Cells were grown with shaking at 37°C in 250 ml LB broth containing 25 μg/ml chloramphenicol and 50 μg/ml carbenicillin until mid-log phase. BpA (Bachem; 2.69 ml of 25 mg/ml in 1 M HCl, for 1 mM final) was added together with 2.69 ml of 1 M NaOH (to neutralize the HCl), 1.25 ml of 0.2 M IPTG, and 2.5 ml of 20% arabinose (wt/vol) to induce synthesis of the σ protein. Unless otherwise indicated the following steps were performed at 4°C. Cells were harvested after 90 min by centrifugation for 10 min at 13,000 × g. After resuspension in 10 ml Binding Buffer \[20 mM Tris--HCl (pH 7.9), 500 mM NaCl, 5 mM imidazole, 1 mM phenylmethanesulfonyl fluoride (PMSF)\], cells were lysed by sonication. The pellet obtained after centrifugation at 17,500 x g for 20 min was resuspended in 10 ml Binding Buffer and centrifuged again at 17,500 × g for 15 min. The pellet was resuspended in 4 ml of His-bind load buffer (Binding Buffer containing 6 M urea and lacking PMSF). The suspension was rotated slowly for 1 h and then centrifuged at 17,500 × g for 15 min. The supernatant was transferred to a clean tube, centrifuged again as above, filtered through a 0.8 μm syringe filter, and stored at −80°C. A 2 ml thawed aliquot of the supernatant was mixed with 2 ml of a 50% slurry of His-binding resin (Pierce HisPur Ni-NTA resin) previously equilibrated in His-bind load buffer with gentle rocking for 1 hr before transferring the resin to a 10 ml column, which was allowed to flow by gravity. The column was washed with 4 ml each of His-bind load buffer containing increasing concentrations of imidazole: 5 mM, 25 mM, 60 mM, 250 mM and 1 M. The purest protein fractions were found in the 60 and 250 mM eluents. These fractions were pooled and concentrated in an Ultra-15 centrifugal filter unit (Amicon, 30KDa MWCO) to a final volume of 3 ml, then transferred to a D-Tube Maxi Dialyzer (Novagen, 12--14 kDa MWCO) and dialyzed for at least 1 h against 1 liter of each of the following buffers to refold the protein: 1× Reconstitution Buffer \[RB; 50 mM Tris--HCl (pH 8.0), 1 mM EDTA, 0.1% Triton X-100, 20% glycerol, 1 mM DTT\] with 6 M urea (three times); $\documentclass[12pt]{minimal}
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}{}$\frac{1}{2}$\end{document}$× RB; 1× RB (3 times); TGED/NaCl/Triton \[50 mM Tris--HCl (pH 8.0), 50 mM NaCl, 0.1 mM EDTA, 0.01% Triton X-100, 50% glycerol, 0.1 mM DTT\] (four times) before storage at −20°C. *In vitro* transcription analyses using P~uvsX~ indicated that at a His~6~σD581BpA:core ratio of 10:1, the unactivated level of P~uvsX~ RNA made with the mutant σ was ∼65% and the activated level (+MotA/AsiA) was 53% of that observed with wt.

FeBABE analyses {#SEC2-4}
---------------

σD581C was conjugated with FeBABE ((iron (*S*)-1-(*p*-bromoacetamidobenzyl)ethylenediaminetetraacetate, Dojindo Laboratories) and FeBABE cleavage reactions were performed as described ([@B42]) except reactions contained 0.5 pmol P~uvsX~ DNA that had been ^32^P-labeled on the template strand, 1.7 pmol of core, 1.7 pmol σD581C-FeBABE, and when indicated, 26 pmol of AsiA and/or 17 pmol of MotA in a reaction containing 11 mM Tris--Cl (pH 8), 37 mM NaCl, 20 mM potassium phosphate (pH 6.5), 0.4 mM EDTA, 0.1 mM EGTA, 0.2 mM DTT, 0.02 mM β-mercaptoethanol, 40 mM Tris-acetate (pH 7.9), 4 mM magnesium acetate, 100 μg/ml BSA, 0.0005% Triton X-100 and 15% glycerol. (AsiA and sigma were pre-incubated together first at 37°C for 10 min to ensure formation of the AsiA-sigma complex. The complex was then incubated with core at 37°C for 10 min to form the AsiA-associated complex before the addition of MotA and the DNA.)

Crosslinking with σD581BpA and native gels {#SEC2-5}
------------------------------------------

For photo-crosslinking using σD581BpA and wt core in Figure [3](#F3){ref-type="fig"}, 38 pmol of σ (in 1 μl TGED/NaCl/Triton) were incubated with 1 μl AsiA buffer \[10 mM Tris-Cl (pH 8), 0.1 mM EDTA, 50% glycerol, 500 mM NaCl, 0.1 mM DTT\] with or without 65 pmol AsiA and 1 μl of 5× Kglu transcription buffer lacking BSA \[40 mM Tris-acetate (pH 7.9), 150 mM potassium glutamate, 4 mM magnesium acetate, 0.1 mM EDTA, and 0.1 mM DTT\] for 10 min at 37°C in 1.5 ml eppendorf tubes. RNAP core (4 pmol in 2 μl RNAP storage buffer) or buffer alone was then added and the solution incubated for 10 min at 37°C before collection on ice. Tubes were laid flat on the UV lamp for a total of 30 min at room temperature, turning the tubes to the opposite side after 15 min. Samples were electrophoresed on 10--20% Tris-tricine gels (Invitrogen) and stained with Colloidial Coomassie Blue (Invitrogen). Photocrosslinking reactions in Figure [6B](#F6){ref-type="fig"} were assembled similarly except reactions contained 120 pmol σD581BpA, 400 pmol AsiA, and 15 pmol of wt or mutant core in a total volume of 30 μl. A 20 μl aliquot was used for photocrosslinking, and a 5 μl aliquot was applied to a 4--12% Tris-glycine gel (Invitrogen/Thermo Fisher) run in 1× Native Tris-glycine buffer (Invitrogen/Thermo Fisher) and stained in Gel Code (Thermo Fisher) as described ([@B46]).

Identification of σD581BpA crosslink {#SEC2-6}
------------------------------------

Five photocrosslinked solutions containing a total of 20 pmol wt core, 190 pmol σD581BpA, and 325 pmol AsiA were combined, and the crosslinked species was separated from other species by SDS-PAGE and then in-gel trypsin-digested as described ([@B47]). A solution containing non-crosslinked control proteins was similarly reduced with DTT, alkylated with iodoacetamide, and digested in solution with trypsin at 37^o^ C for 16 h. The resultant peptides were desalted using a C18 spin column (Thermo), diluted 1:1 in α-cyano-4-hydroxycinnamic acid, and then analyzed by MALDI-TOF mass spectrometry using positive reflectron mode on a MALDI microMX mass spectrometer (Waters).

RNA isolation/primer extension {#SEC2-7}
------------------------------

BL21(DE3)/pLysE ([@B41]) cells containing either pet28(a+) (vector; Novagen, Inc.), pHis~6~AsiA ([@B29]), or pHis~6~Δ74--90 ([@B29]) were grown to mid-log phase at 37°C in LB broth containing 30 μg/ml kanamycin and 25 μg/ml chloramphenicol. After the addition of isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside (IPTG) to a final concentration of 1.7 mM to induce the synthesis of the wild type or truncated AsiA protein, cells were grown for an additional 20 min. (Aliquots taken at this time and from uninfected cells grown for an additional 2 hr were run on protein gels to determine the levels of wt AsiA and AsiAΔ74--90.) T4 *asiA^−^* phage \[*amS22* ([@B48])\] was added at a multiplicity of 10 and cell aliquots were taken at 2.5 and 7.5 min after infection. RNA was isolated essentially as described using Method I of Hinton ([@B49]). RNA isolated after a 4 min infection of wt T4D^+^ of a NapIV suppressing strain has been described ([@B50]). The amount of RNA from the T4 middle promoters Pm~46~ and Pm~55~ was determined using primer extension analyses as described ([@B30]).

*In vitro* transcription assays {#SEC2-8}
-------------------------------

Transcription reactions (Figure [5B](#F5){ref-type="fig"} and Supplementary Figure S3) were assembled with 1 to 2 pmol of σ^70^, 6.5×-fold AsiA (when indicated), 0.5×-fold core, 0.006--0.012 pmol DNA, and 1.83 pmol MotA (when indicated) in a solution (4 μl) containing 7 mM Tris--Cl (pH 7.9), 50 mM Tris-acetate (pH 7.9), 190 mM potassium glutamate, 5 mM magnesium acetate, 0.4 mM EDTA, 0.2 mM DTT, 125 μg/ml BSA, 50 mM potassium phosphate (pH 6.5), 0.05 mM EGTA, 22% glycerol, 0.1 mM β-mercaptoethanol, and 140 mM NaCl (or 90 mM NaCl for Supplementary Figure S3) (Unless otherwise indicated, AsiA was first incubated with σ^70^ for 10 min at 37°C and then the AsiA/σ complex was incubated at 37°C for 10 min with core to assure formation of the AsiA-associated RNAP). DNA and proteins were incubated for the indicated time at 37°C before the addition of a solution (1.0 μl) containing 0.5 μg heparin and NTPs (1 mM unlabeled ATP, GTP, CTP and 25 μM \[α-^32^P\] UTP \[∼1 × 10^5^ dpm/pmol\]) to initiate a single round of transcription. After 7.5 min at 37°C, 25 μl of gel load solution (1× TBE, 7 M urea, 1% bromophenol blue, 1% xylene cyanol FF) was added, and the reactions were placed on dry ice. Reactions with combined RNAPs (Figure [5B](#F5){ref-type="fig"}, lanes 9--12) contained an equal amount of wt and mutant core. RNA products were separated on 7 M urea, 4% polyacrylamide gels run in 0.5× TBE and visualized by autoradiography.

Promoter clearance assays (Supplementary Figure S2) were performed similarly except that the NTP/heparin solution contained 1 mM unlabeled GTP, CTP, UTP, 250 μM \[α-^32^P\] ATP \[∼1 × 10^4^ dpm/pmol\] and 0.5 μg heparin, and the reactions were collected on dry ice. RNA products were then treated with 10 units (1.0 μl) of Alkaline Phosphatase Calf Intestinal (CIP; New England Biolabs) for 15 min at 37°C before the addition of a solution (13 μl) containing 10 mM EDTA (pH 7), 1% bromophenol blue, and 1% xylene cyanol FF in deionized formamide. (The addition of phosphatase removes phosphate from any unincorporated \[α-^32^P\] ATP, allowing one to observe the small abortive RNAs more clearly.) The RNA products were separated on 7 M urea, 23% polyacrylamide gels run in 0.5× TBE.

After autoradiography, levels of RNA products were quantified using a Powerlook 100XL densitometer and Quantity One software from Bio-Rad, Inc. The ratios of abortive products to full length RNA were determined as previously described ([@B35]).

RESULTS {#SEC3}
=======

Generation of a biochemically-constrained, biophysical model of the σ appropriated complex containing *E. coli* RNAP, AsiA, MotA, and T4 middle promoter DNA {#SEC3-1}
------------------------------------------------------------------------------------------------------------------------------------------------------------

The C-terminal portion of σ^70^ contains the highly conserved Region 4 (residues 540--599), consisting of helix 1, helix 2, helix 3, turn and helix 4, followed by the C-terminus that is the more variable helix 5 (H5; residues 600--613) ([@B51]). Within holoenzyme, Region 4 residues interact with the β-flap portion of core while H5 residues contact the β-flap tip ([@B8]--[@B12],[@B35]) (Figure [1A](#F1){ref-type="fig"}; Supplemental Video 1). However, when bound to AsiA, residues within Region 4 are engaged by AsiA ([@B18],[@B21],[@B52],[@B53]). We therefore used a multi-template homology modeling approach to produce a chimera of these two structures. Because the available structures indicated that σ^70^ residues 546 to 549 do not interact with either core or AsiA, we first superimposed these residues in the *E. coli* holoenzyme structure ([@B9]) with their equivalents in the AsiA/Region 4 structure ([@B21]), in order to reconcile the departure point of the two different structures (Figure [1B](#F1){ref-type="fig"}; Supplemental Video 1). Although this superposition is an assumption, one aim of this work was to test whether the hypothesis that the experimentally (X-ray, NMR) observed apo- and AsiA elements would be able to fit together well without alteration. To position DNA within this complex, we introduced the fork junction DNA present in the structure of the *Thermus aquaticus* RNAP/DNA complex ([@B37]). This was accomplished by retaining the highly conserved contacts between residues in σ Regions 2.4/3 and the -10/ extended -10 elements.

It was then necessary to add MotA^NTD^, MotA^CTD^, and to replace the upstream portion of the promoter DNA that contains the σ^70^-dependent −35 element with sequence containing MotA box DNA. While it was known that MotA^CTD^ alone can weakly bind the MotA box ([@B17]), the MotA^CTD^ structure exhibits an unusual double wing motif ([@B23]) and thus, its position on the DNA could not be determined by analogy with other DNA-binding proteins. To determine how this domain interacts with the T4 middle promoter P~uvsX~, we relied on fine resolution mapping obtained by conjugating specific residues within MotA with the cleaving reagent FeBABE ([@B34]). Importantly, this mapping was performed using the entire σ-appropriated complex rather than MotA and DNA alone. This work indicated that both wings of the MotA^CTD^ 'sit' within the major groove of the MotA box DNA. Cleavage sites generated by FeBABE conjugated at residues within MotA^NTD^ (D43, E93, K96) also allowed us to position the available structure of MotA^NTD^ relative to the DNA ([@B34]). Together, MotA^NTD^ and MotA^CTD^ are arranged on the DNA from positions -41 to -19. Since previous work has shown that within a T4 middle promoter, RNAP/DNA contacts downstream of ∼-20 are not affected by the presence of MotA/AsiA ([@B54]), we replaced the DNA introduced from the *T. aquaticus* structure with our mapped MotA^CTD^/MotA^NTD^/T4 middle promoter modeled B-form DNA starting at position -19. Finally, for visualization of full length MotA, we used loop modeling to generate the unsolved linker between the C-terminus of MotA^NTD^ and the N-terminus of MotA^CTD^.

Previous work has defined the MotA and σ^70^ H5 interaction, indicating that F610 and L611 of σ^70^ H5 interact with a basic hydrophobic cleft within MotA^NTD^, containing MotA residues I7, I24, A83 and Y86 ([@B16],[@B35]). Inspection of our initial AsiA/RNAP/MotA/DNA model (Figure [1B](#F1){ref-type="fig"}; Supplemental Video 1) reveals that σ^70^ H5 now points toward this basic hydrophobic cleft. It should be noted that this position for H5 arose simply from the joining of the AsiA-remodeled distal σ conformation with the proximal holoenzyme conformation and the FeBABE derived location of MotA^NTD^. It did not involve conformational manipulation of any part of the RNAP. Thus, a structure/model that significantly fulfills the protein-protein and protein-DNA requirements for σ appropriation can be assembled from crystallographic and NMR structures without molecular modeling intervention of the RNAP. In addition, since it is known that RNAP alone transcribes from the T4 middle promoter P~uvsX~ ([@B45]), we also produced a structure/model of RNAP at this promoter by simply replacing the remodeled σ with the σ present in the *E. coli* structure and removing MotA and AsiA (Figure [1A](#F1){ref-type="fig"} and the first panel of Supplemental Video 1).

In basal transcription and in Class I and Class II activation, the C-terminal domains of the α subunits of RNAP (αCTDs) interact with DNA upstream of position -40 ([@B55]), but in σ appropriation, ADP-ribosylation of α residue Arg265, which occurs after T4 infection \[reviewed in ([@B1])\], eliminates the ability of the αCTDs to interact with the DNA ([@B54]). There is no evidence that the αCTDs play a role in σ appropriation, and ADP-ribosylation is not needed for MotA/AsiA activation ([@B45]), suggesting that the presence of either the unmodified or modified αCTDs do not significantly affect protein-protein or protein-DNA interactions. Consequently, because we do not have enough information at this time to position the αCTDs using either the TAP/RNAP/DNA structure ([@B15]) or the *E. coli* holoenzyme structure ([@B9]) as a guide, we have not included them in our structure/model.

Refinement of the σ appropriated model to position σ^70^ H5 within the MotA^NTD^ cleft {#SEC3-2}
--------------------------------------------------------------------------------------

Because H5 residues F610 and L611 are the crucial residues for the interaction of σ with MotA^NTD^ and for MotA activation ([@B35]), it is reasonable to optimize the H5/MotA^NTD^ interaction by burying σ F610 and L611 within the MotA^NTD^ basic hydrophobic cleft. However, modeling would provide many solutions that would be consistent with such an interaction. Consequently, we determined additional biochemical constraints by obtaining the position of σ^70^ D581, which is located within the turn between helices H3 and H4 of Region 4 ([@B56]), relative to protein and to DNA.

RNAP that contains a mutant σ^70^ in which a cysteine at position 581 has been conjugated with FeBABE has been used several times previously to position σ Region 4 relative to promoter DNA ([@B57]--[@B62]). We took advantage of the fact that the T4 middle promoter P~uvsX~ can be used *in vitro* as a −35/−10 promoter by RNAP alone (basal transcription) or as an activated middle promoter in the presence of RNAP, MotA and AsiA (activated transcription) ([@B54]). This allowed us to compare the position of σ^70^ in the presence and absence of MotA/AsiA. Addition of H~2~O~2~ and sodium ascorbate to a stable transcription complex formed by RNAP alone with P~uvsX~ DNA resulted in major cleavage sites at −36 to −40 as well as a second set of cuts centered at ∼ -28 (Figure [2A](#F2){ref-type="fig"}, lane 4; Figure [2B](#F2){ref-type="fig"}). The major cut sites are predicted from the position of residue 581 relative to the DNA (Figure [1A](#F1){ref-type="fig"}; Supplemental Video 1; red sphere is D581, orange spheres show template DNA cut sites) and are similar to what has been seen previously with RNAP at this ([@B42]) and several other promoters ([@B57]--[@B62]). (The second set of cleavage sites at −27/−28, located a helical turn downstream, are typically seen in these reactions. They arise from the position of the conjugated residue relative to the major and minor grooves of the DNA ([@B63]).) However, in the presence of MotA and AsiA, the cut sites on the template strand shift ∼10 bp downstream to positions −30/−29 and −19/−18 (orange spheres in Figure [1B](#F1){ref-type="fig"}, left panel; Figure [2A](#F2){ref-type="fig"}, lane 6; Figure [2B](#F2){ref-type="fig"}; Supplemental Video 2).

![Binding of AsiA and MotA alters the position of σ residue 581 relative to the DNA. (**A**) Denaturing polyacrylamide gel showing DNA products generated by σD581C-FeBABE cleavage of ^32^P 5′-end labeled template strand of P~uvsX~ DNA. Lane 1 is the G + A marker ladder; lanes 2--6 are reactions containing the indicated reagents. Orange boxes indicate the cleavage products generated in the presence of H~2~O~2~ and sodium ascorbate (NaAsc). (**B**) Sequence of P~uvsX~ DNA from -46 to -7, showing the positions of the σD581C-FeBABE generated cut sites on the template strand DNA for basal or activated transcription. The −10 element and the −35 element or the MotA box are boxed.](gkw656fig2){#F2}

To determine the position of σ residue 581 relative to protein, we first performed photocrosslinking experiments with σ^70^ containing the crosslinker maleimide benzophenone (MBP) conjugated through the thiol group at the cysteine at σ residue 581 (σD581C-MBP). Upon photoactivation, MBP crosslinks with moieties present within ∼8 to 11 Å by reacting with nucleophiles or by forming C-H insertion products ([@B64]--[@B66]). Using σD581C-MBP, we observed a very slowly migrating species, consistent with a crosslink between σD581C and either β or β' (Supplementary Figure S1A, lanes 6 and 8; Supplementary Figure S1B, lanes 6 and 7). Although the intensity of the band was low, which is a common problem with benzophenone crosslinking ([@B67]), the band was specific and reproducible. Western blot analyses were positive for both β' (Supplementary Figure S1A, lanes 14 and 16) and σ^70^ (Supplementary Figure S1B, lanes 10 and 11), but negative for β (not shown). This species was absolutely dependent on the presence of AsiA (Supplementary Figure S1A, lanes 4 versus 8), but was observed in the presence or absence of DNA (Supplementary Figure S1B, lanes 6 versus 7) or MotA (Supplementary Figure S1A, lanes 6 versus 8). Thus, the σD581C-MBP/β' crosslink is dependent on a conformational change imposed by AsiA binding to σ Region 4.

Our analysis with σD581C-MBP also detected a species of ∼80 kDa, consistent with a crosslink between σ and AsiA (smaller arrow, Supplementary Figure S1B, lanes 6 and 7). Although this species was dependent on the presence of AsiA and its size was consistent with a predicted σ^70^-AsiA crosslink, we were unable to confirm that it contained AsiA by Western, presumably because its level was below our detection limit.

To increase the amount of crosslinking and to perform mass spectrometric analyses of the slowly migrating crosslinked species, we also performed photocrosslinking with σ^70^ protein containing the amino acid analog benzoyl-phenylalanine (BpA) at position 581. In this case, we obtained a higher yield of the large species, which migrated like the one seen with σD581C-MBP, and again it was dependent on the presence of AsiA (Figure [3A](#F3){ref-type="fig"}). A comparison of the in-gel tryptic peptides of this species with the tryptic peptides arising from digestion of a solution of the proteins that were not subjected to UV treatment revealed the unique product, β'HRGVICEK+σQF-BPA-VTR (Figure [3B](#F3){ref-type="fig"}). This indicates that the σ BpA at position 581 crosslinks to the region of β' containing residues 80--87.

![σD581BpA photocrosslinks to the region of β' containing residues 80--87. (**A**) Left, Coomassie-stained 10--20% Tris-tricine gel showing the species obtained after UV treatment of a solution containing the indicated proteins. The slowly migrating band observed in the presence of σD581BpA, core, and AsiA is indicated by the red arrow. Right, Coomassie-stained gel showing the species removed for digestion with typsin, followed by MALDI-TOF mass spectrometry. The sequence of the identified crosslinked peptide between σ and β' is shown. (**B**) Mass spectra showing crosslink formation between σD581BpA and β'. (Panel 1) Mass spectra of the tryptic digests of the non-crosslinked proteins (top) and crosslinked forms (bottom) from *m*/*z* = 950--1025. In the non-crosslinked spectrum, the mass of the β' peptide ^80^HRGVICEK^87^ is labeled; this ion is not observed upon crosslinking. (Panel 2) Mass spectra of the tryptic digests of the non-crosslinked proteins (top) and crosslinked forms (bottom) from *m*/*z* = 1850-1950. In the crosslinked spectrum, a unique ion with *m*/*z* = 1900.46 is noted. This mass is consistent with that expected for β' ^80^HRGVICEK^87^ crosslinked to sigma ^579^QF-BpA-VTR^584^.](gkw656fig3){#F3}

We used a constrained energy minimization approach to determine if the initial 3D conformation of the σ-appropriated complex could accommodate these biochemical constraints. Conformations with good van der Waals, electrostatic and torsion energy that also satisfy the distance restraints derived from the biochemistry were sampled (see Methods). A refined model, in which σ F610 and L611 are buried within the MotA^NTD^ hydrophobic cleft, was obtained with reasonable peptide geometry and minimal energy strain that also satisfied the distance restraints (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}; Supplemental Video 2). In this model, σD581 is 11Å from β' residue R81, DNA positions −29/−30 are the closest template bases to σD581, and σ H5 is buried within the hydrophobic cleft of MotA^NTD^. It should be noted, though, that the constraints used here arise from the FeBABE and crosslinking analyses that would have captured the most stable complex. Thus, other positions may be possible during the various steps of transcription initiation.

As predicted by the model, interactions involving the C-terminal residues of AsiA are not essential for middle promoter activation {#SEC3-3}
----------------------------------------------------------------------------------------------------------------------------------

Although the N-terminal half of AsiA is required for its interaction with σ Region 4 ([@B21],[@B29],[@B68]), a function for the C-terminal region of the protein has not been clear. Our structure/model (Figure [1C](#F1){ref-type="fig"}, right) predicts that there are no close contacts between the C-terminal portion of AsiA (residues 74--90, shown in light blue) and either MotA or subunits of RNAP. This is consistent with NMR analyses, which detect the interaction of MotA with σ H5, but do not reveal additional chemical shifts in the AsiA protein when MotA is added to the AsiA/σ Region 4 complex ([@B16]). It is also consistent with *in vitro* transcription studies demonstrating that mutations within or a deletion of C-terminal residues 74--90 of AsiA do not significantly impair inhibition of transcription by AsiA in the absence of MotA or activation in the presence of MotA ([@B28],[@B29]). However, we needed to consider conflicting evidence from other work concluding that a mutation at either R82 or M86 of AsiA disrupts an 'essential' interaction between AsiA and MotA ([@B26]) and that AsiA N74 lies at an interface between AsiA and the β-flap ([@B27]). We were concerned then that these interactions might be needed under the biological conditions of phage infection and so they were missed in the *in vitro* studies. If so, then our model would be insufficient. Therefore, we assayed the need for the C-terminal portion of AsiA *in vivo*.

We performed primer extension analyses to observe the effect of removing the C-terminal 17 residues (AsiAΔ74--90) on AsiA\'s ability to complement T4 *asiA am* phage under non-suppressing conditions in the activation of two T4 middle promoters, Pm~46~ and Pm~55~ (Figure [4](#F4){ref-type="fig"}). As controls, we monitored the level of transcripts from these promoters after infection of cells containing the vector or a plasmid with wt *asiA*. We also tested RNA isolated after a wt T4 infection that had been previously analyzed ([@B50]) to confirm the correct assignment of the primer extension products.

![The C-terminal 17 residues of AsiA are not required for middle promoter activation *in vivo*. Shown are portions of gels displaying the primer extension products for the T4 middle promoters Pm~55~ and Pm~46~ obtained from RNA isolated after infection with either T4 *amS22 (asiA^-^*) or wt T4. Cells contained the empty vector, a plasmid with wt *asiA*, or a plasmid with mutant *asiA* lacking the coding region for the 17 C-terminal residues (Δ74--90) and were infected for the indicated time.](gkw656fig4){#F4}

We found that AsiAΔ74-90 complements T4 *asiA am* for transcription from either promoter. For Pm~55~ RNA, the level obtained with either wt or AsiAΔ74-90 was similar at both 2.5 and 7.5 min post-infection (Figure [4](#F4){ref-type="fig"}, lanes 2, 3 versus 5, 6). Although 2.5 min after infection, the level of Pm~46~ RNA was lower with AsiAΔ74-90 (Figure [4](#F4){ref-type="fig"}, lanes 2 versus 3), at 7.5 min the level seen with either wt or AsiAΔ74-90 was again similar (Figure [4](#F4){ref-type="fig"}, lanes 5 versus 6). SDS-PAGE (not shown) indicated that the level of AsiAΔ74-90 after induction is actually only about half that of wt. This indicated that the activity of the truncated protein is not simply because a high level of the mutant compensates for poor activity. Taken with our previous work, these results demonstrate that the C-terminal region of AsiA is not essential for σ appropriation *in vivo* or *in vitro*. The results support our modeled structure, which indicates that the C-terminal region of AsiA does not interact with MotA or the β-flap. However, we cannot rule out the possibility that non-essential contacts between AsiA and MotA or AsiA and the β-flap may form at some point during the various steps of transcription initiation.

Using the model to investigate how the βG1249D substitution impairs middle promoter activation {#SEC3-4}
----------------------------------------------------------------------------------------------

An amber mutation within either T4 *motA* or *asiA* generates very low levels of MotA or AsiA, respectively, resulting in poor, but detectable, phage growth after infection of wt *E. coli*. However, T4 *motA*am or *asiA*am phage yield only pinpoint plaques when plated on an *E. coli* mutant strain containing the G1249D substitution within β ([@B30],[@B48],[@B69]). Primer extension analyses have revealed that βG1249D specifically impairs transcription from phage middle promoters; after infection there is no decrease in transcription from early phage promoters ([@B30]). In addition, the βG1249D mutation does not exhibit a defect in host growth in the absence of infection ([@B30]).

The position of βG1249 within our model is far removed from AsiA, MotA, DNA, and σ H5 (Figure [5A](#F5){ref-type="fig"}, left panel), suggesting that the mutation should not directly interfere with interactions among these protein or DNA targets. However, we wanted to eliminate the formal possibilities that (i) there is an unidentified protein, involved in σ appropriation, which directly contacts βG1249 *in vivo* and/or (ii) the modification of wt T4 DNA by the presence of glycosylated, hydroxymethylated cytosines is involved.

![βG1249D impairs σ appropriation *in vitro*. (**A**) Left panel. Close-up of the refined structure/model of *E. coli* RNAP/AsiA/MotA/DNA (same as Figure [1C](#F1){ref-type="fig"}) showing the position of βG1249 as a red sphere. Right Panel. Close up showing the positions of σD525, σE529, and σD533 (boxed yellow spheres) relative to βG1249 (red sphere indicated with red arrow). The positions of β' residues 80--87 (brown spheres) and σD581 (red sphere) are also shown. (**B**) Comparison of *in vitro* transcription using core containing wt β or βG1249D. The top is a representative transcription gel, showing P~uvsX~ RNA obtained after single round transcription reactions in which the indicated proteins were incubated with the DNA for 1 min at 37°C before the addition of NTPs and heparin. Graph below indicates the relative level of P~uvsX~ RNA. Standard deviations shown in lanes 2--8 were obtained from 4 experiments; lanes 9--12 represent the average of 2 experiments.](gkw656fig5){#F5}

To investigate these possibilities, we asked whether the βG1249D impairment in middle promoter activation is recapitulated using purified mutant RNAP and unmodified DNA. As seen in Figure [5B](#F5){ref-type="fig"}, the effect of the mutant RNAP on middle promoter activation *in vitro* is dramatic. While the presence of MotA/AsiA significantly increased transcription when using wt β, there was practically no increase with βG1249D over the unactivated level (Figure [5B](#F5){ref-type="fig"}, lanes 4 versus lane 8). To make sure that our purified G1249D core did not contain a nonspecific transcription inhibitor that was absent in the purified wt core, we performed a reaction using an equal amount of wt and mutant polymerases. In this case, no impairment was observed (Figure [5B](#F5){ref-type="fig"}, lane 12). Interestingly, the presence of the mutation *in vitro* did result in a 2- to 4-fold decrease in basal P~uvsX~ transcription obtained in the absence of MotA/AsiA (Figure [5B](#F5){ref-type="fig"}, lane 1 versus lane 5; other experiments not shown), indicating that although we did not observe a growth defect with mutant cells *in vivo*, the mutation does somewhat impair RNAP function under our conditions *in vitro*.

Given that the impairment of σ appropriation by βG1249D does not require other factors besides RNAP, MotA, and AsiA and it does not require modification of T4 DNA, we considered other possibilities for how this substitution might be deleterious. Within the *E. coli* RNAP structure ([@B9]), βG1249 is ∼7 to 9 Å from three negatively charged σ residues located just before Region 4: D525, E529, and D533 (Figure [5A](#F5){ref-type="fig"}, right panel). Thus, it seemed possible that the substitution of the highly flexible glycine at 1249 with the negatively charged aspartic acid, which can adopt fewer unclashed φ and ϕ backbone dihedral angles, could electrostatically and/or sterically inhibit conformational changes needed for MotA/AsiA activated transcription. Thus, we asked whether the mutation affected (i) the ability of AsiA/σ to form a complex with core, (ii) the conformation of the AsiA-associated RNAP or (iii) promoter clearance.

The βG1249D does not impair promoter clearance {#SEC3-5}
----------------------------------------------

Within the structure of elongating RNAP, βG1249 is located at the upstream edge of the RNA/DNA hybrid, immediately adjacent to switch loop 3; this loop has been proposed to help guide the extruding RNA into the channel ([@B70]). Thus, it was possible that the presence of MotA and AsiA might limit the flexibility of sigma in such a way that the βG1249D substitution would inhibit promoter clearance. To measure the effect of βG1249D on promoter clearance, we performed single round *in vitro* transcription reactions using short templates that allowed us to measure both full length and abortive RNA products. In this assay, a lower ratio of abortives relative to full length RNA indicates more efficient promoter clearance ([@B35],[@B71],[@B72]). In the absence of MotA and AsiA (basal transcription), RNAP containing βG1249D was somewhat less efficient than wt in clearing the promoter, which could contribute to the decrease in basal transcription we observe *in vitro* (Supplementary Figure S2, basal transcription). However, in the presence of MotA/AsiA, the abortive/full length RNA ratio was similar when using either core (Supplementary Figure S2, activated transcription) even though the overall total amount of transcription was much lower when using βG1249D (Supplementary Figure S2A; note the differences in the intensity values for the wt vs. G1249D scans).

The βG1249D core generates a conformationally different complex with AsiA/σ compared to wt {#SEC3-6}
------------------------------------------------------------------------------------------

The transcriptionally competent AsiA/RNAP/MotA/DNA complex is generated by a multi-step process. AsiA first binds to free σ, and then the AsiA/σ complex binds to core ([@B39]), generating AsiA-associated RNAP holoenzyme. AsiA-RNAP must then 'capture' MotA while it is at the promoter, since MotA rapidly associates/dissociates from the DNA ([@B34]).

To ask whether βG1249D interferes with the association of AsiA/σ with core, we employed a Tris-glycine native gel. In this system, holoenzyme migrates as a discrete band that is separated from core, AsiA, or σ^70^ \[([@B46]); Figure [6A](#F6){ref-type="fig"}, lanes 1, 2 versus 3). This analysis indicated that a similar amount of holoenzyme is generated with either wt or mutant core (Figure [6A](#F6){ref-type="fig"}, lanes 3, 5 versus 7). To investigate the generation of AsiA-associated RNAP in a totally different way, we used *in vitro* transcription reactions. We took advantage of a previous finding, demonstrating that AsiA-associated RNAP eventually forms an open complex with a strong −10/−35 promoter if given enough time ([@B29],[@B73]). This property indirectly measures the presence of holoenzyme, since it is dependent on the generation of a holoenzyme containing core/AsiA/σ. We investigated the levels of transcription from the strong promoter P~uvsX-sigma~, which has consensus −10 and −35 sequences. As seen in Supplementary Figure S3, the relative levels of transcription by AsiA-associated RNAP are similar with either the wt or mutant core. In addition, this behavior is the same whether AsiA/σ has been incubated with core for 10 or 60 min before transcription. Taken together, these analyses then indicate that both the wt and mutant core are able to generate an AsiA-associated complex.

![RNAP containing βG1249D generates holoenzyme with AsiA/σD581BpA, but is defective in generating the crosslink with β'. (**A**) Native Tris-glycine gel. Solutions were assembled with the indicated components. The positions of AsiA, RNAP core, AsiA-RNAP holoenzyme, and σD581BpA are marked. (The bands that migrate faster than AsiA seen in lane 1 are trace contaminants present in the σD581BpA preparation.) (**B**) SDS-PAGE gel showing the products obtained after photocrosslinking. Arrow points to the crosslink between σD581BpA and β' ^80^HRGVICEK^87^ identified in Figure [3](#F3){ref-type="fig"}.](gkw656fig6){#F6}

Given that AsiA/σ can form a complex with either core, why then is the mutant defective in σ appropriation? To ask whether there is a difference in the conformation of the AsiA-associated RNAP when the substitution is present, we repeated the σ581BpA photocrosslinking experiments, comparing wt and βG1249D core (Figure [6B](#F6){ref-type="fig"}). Before the crosslinking, samples were split, and one aliquot was used for the native gel in Figure [6A](#F6){ref-type="fig"}. We found that even though the same amount of holoenzyme was formed with either core (Figure [6A](#F6){ref-type="fig"}), the β substitution resulted in ∼ 4-fold less of the crosslinked product. We conclude that even though the βG1249D core forms an AsiA-associated complex, the conformation of the complex differs from that made with wt core.

DISCUSSION {#SEC4}
==========

Modeling of σ appropriation allows visualization of a multi-factor transcription complex {#SEC4-1}
----------------------------------------------------------------------------------------

The elegant systems by which T4 hijacks the host RNAP offer insight into the basic mechanisms of transcription \[reviewed in ([@B1],[@B74])\]. For example, the activation of T4 middle promoters through the process of σ appropriation highlights the importance of σ^70^ Region 4/H5 for contacting the DNA, RNAP core, and regulatory factors. Extensive biochemical, genetic, and structural analyses have identified crucial features as well as protein and DNA surfaces involved in σ appropriation. However, individual structures of MotA^NTD^, of MotA^CTD^, of AsiA bound to σ^70^, and of RNAP holoenzyme by themselves cannot reveal how these various molecular surfaces work together to take over RNAP. Thus, the combination of extensive biochemical evidence together with structural pieces of the complex has provided a 'jigsaw puzzle' waiting to be pieced together. The structure and biochemistry-based modeling here provides a first visualization of this T4-appropriated transcriptional machine.

What are the new insights gained by having this visualization? First, the model together with biochemistry reveals that flexibility within the σ Region 4/core interaction is needed to facilitate the formation of the AsiA/RNAP/MotA/DNA complex. This conclusion arises from comparison of our initial model with the refined model. In the initial model, σ^70^ H5, which was previously buried under the β-flap helix tip within host RNAP ([@B9]), is now exposed in a position that is distant from the β subunit and pointed toward its target, the hydrophobic cleft within MotA^NTD^ (Figure [1B](#F1){ref-type="fig"}). This model, which does not require distortion of the protein or DNA, places H5 in a reasonable position. However, it does not position σ^70^ residues F610 and L611, which are crucial for MotA activation and are needed for the interaction of H5 with MotA ([@B16],[@B35]), directly within the MotA^NTD^ pocket, and it does not correctly locate σ residue 581 relative to protein and DNA. To achieve these interactions, it is necessary to move the protein, DNA, or both. Previous work has indicated that MotA binding does not significantly distort the DNA ([@B19],[@B20],[@B75]). Thus, it appears that protein flexibility within σ Region 4/H5 is needed to bury σ^70^ F610/L611 within the MotA^NTD^ cleft and to orient σ Region 4/H5 correctly. In this way, H5, once released from the grip of the β-flap tip, can now become an adaptable target for regulation.

This conclusion is further supported by our analysis of how βG1249D, which is far removed from MotA and AsiA, significantly decreases MotA activation. Our work demonstrates the following: (i) The βG1249D substitution does not change the ratio of abortives to full length RNA synthesized by the MotA/AsiA/RNAP/DNA complex (Supplementary Figure S2). Thus, impairment by βG1249D must be at a step before the formation of the initiated complex. (ii) The βG1249D substitution does not impair the ability of AsiA/σ to bind to core (Figure [6A](#F6){ref-type="fig"}) or the ability of AsiA to inhibit transcription (Supplementary Figure S3). Thus, the impairment affects a step after formation of the AsiA-associated RNAP. From these experiments, we conclude that the βG1249D defect occurs at a step needed for AsiA-RNAP to associate with MotA/DNA. Finally, we observe that the AsiA-associated mutant RNAP generates much less of the crosslink between σD581BpA and β' than is seen with the AsiA-associated wt RNAP (Figure [6B](#F6){ref-type="fig"}). Taken all together, these results suggest that something different about the position of Region 4/H5 when G1249D is present leads to a defect in the association of AsiA-RNAP with MotA/DNA.

Because MotA associates and dissociates rapidly from the DNA ([@B34]), MotA cannot function by binding tightly to the DNA and then delivering the DNA to AsiA-RNAP. Instead, the AsiA-associated RNAP must 'capture' the MotA while MotA is on the DNA, through the interaction of σ H5 with MotA^NTD^. Given the close proximity of βG1249 to the negatively charged σ residues D525, E529, and D533 (Figure [5A](#F5){ref-type="fig"}, right panel), it seems likely that the substitution of glycine with the negatively charged aspartic acid inhibits the flexibility needed to position Region4/H5 in the ideal location for the H5/MotA^NTD^ interaction. Thus, we speculate that the presence of the βG1249D substitution generates an AsiA-associated RNAP, whose H5 location is suboptimal for its connection to MotA^NTD^.

Visualizing the T4 appropriated σ in context of the complete RNAP complex also explains why AsiA efficiently binds free σ, but not holoenzyme ([@B39]), since AsiA is not capable of simply replacing the β-flap *in situ*. Indeed, in our model, as in its isolated complex with σ^70^, AsiA does not even contact the β subunit of the complex. Some work has suggested that the C-terminal portion of AsiA makes important contacts with the β-flap and with MotA ([@B26],[@B27]). Although we cannot eliminate the possibility that these interactions can occur during the process, our model, other studies ([@B16],[@B28],[@B29]), and our primer extension results shown here argue that such interactions are not essential.

Our model reveals how the unusual DNA binding motif of MotA positions this activator relative to DNA, to its binding partner, σ H5, and to RNAP in general. The 'double wing' motif of MotA^CTD^ is novel among DNA binding proteins, and to date identification of σ appropriation has been limited to phage T4. However, besides the dozens of T4-like phage MotA homologs, the unusual MotA^CTD^ structural motif has been found in the structures of two proteins of unknown function, the conserved *E. coli* YjbR ([@B25]) and the *Pseudomonas syringae* protein Pspto_3016 ([@B24]). As the founding member of this family of protein motifs, MotA provides a basis for rational predictions of protein function for these and other as yet unidentified members of the family.

Finally, these results demonstrate the power of combining molecular modeling with extensive biochemical constraints to generate a meaningful and biologically relevant structure/model. Given the inability to obtain structures for many multi-subunit protein/DNA complexes, our work shows how one can develop a structure/model that satisfies detailed *in vitro* and *in vivo* findings.

Implications for σ^70^ function and RNAP {#SEC4-2}
----------------------------------------

While our visualization is likely only one snapshot of a dynamic 'movie' of the σ^70^ appropriation process, our structure/model illustrates how σ^70^ Region 4/H5 can be displaced to a new location without significant alterations of σ^70^ Region 2, which maintains its contacts with the downstream core promoter elements. Thus, the remodeling of a small portion of RNAP can completely alter its promoter specificity, switching polymerase from the recognition of σ^70^-dependent host promoters to recognition of T4 middle promoters. In this regard, MotA and AsiA can be thought of as factors that together with σ^70^ create a new σ factor rather than simply as an individual activator and co-activator.

The ability to create a different σ depends on the flexibility of σ^70^ Region 4 and H5, but also on the continued maintenance of the typical contacts of Regions 2 and 3 with core and the DNA. Regions 2--4 are conserved among hundreds of identified σ factors ([@B51]). It seems likely then that other as yet unidentified factors may also take advantage of the fact that core can 'hold' Regions 2 and 3, while allowing a rearrangement of Region 4. Such a rearrangement may not maintain the same molecular details as those seen here. Nonetheless, the structured model for σ appropriation yields insights into the general features that such a remodeling could contain.
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